Objective: To evaluate the occurrence of pulmonary arteriovenous malformations after a Fontan operation in the left isomerism and absent inferior vena cava. Methods: We retrospectively reviewed 19 patients with the left isomerism and absent inferior vena cava who underwent Fontan operations at our institution. We divided the patients into two groups: bilateral superior vena cava (group A, n = 9), and single superior vena cava (group B, n = 10). Median age at Fontan operation was 6.2 years (1.0-24.1). Diagnosis of pulmonary arteriovenous malformations was made by pulmonary angiography and bubble contrast echocardiography. Results: Median follow-up was 5.3 years (0.2-17.3) with one hospital death. Seven patients suffered from pulmonary arteriovenous malformations. In six out of the seven patients, the occurrence of pulmonary arteriovenous malformations was related to biased pulmonary perfusion of the hepatic venous flow. In group A, the distance between the dominant superior vena cava (which the venous flow from the lower half of the body drains into) and the hepatic venous channel over the distance between the smaller superior vena cava and the hepatic venous channel was larger in patients with pulmonary arteriovenous malformations than in patients without pulmonary arteriovenous malformations (3.83 AE 1.28 vs 1.53 AE 1.45, p = 0.071). In group B, pulmonary arteriovenous malformations developed in two patients whose venous channels did not overlap. Pulmonary arteriovenous malformations developed in only one patient after we changed the hepatic venous channel design to approximate the hepatic venous channel to the dominant superior vena cava as closely as possible. Conclusions: We might prevent pulmonary arteriovenous malformations in patients with the left isomerism and absent inferior vena cava by designing the venous channels to achieve better mixing of the superior vena cava and the hepatic venous flow. #
Introduction
The cause of pulmonary arteriovenous malformations (PAVMs) is multifactorial and has not been elucidated in detail. However, patients with congenital heart defects possess some risk factors for the occurrence of PAVM, such as the presence of left isomerism (LI) and exclusion of hepatic vein (HV) blood flow from the pulmonary circulation [1, 2] . Several studies [3] [4] [5] have shown that patients with LI and absent inferior vena cava (IVC) frequently develop PAVM after undergoing a Kawashima procedure [6] . Other studies have shown that incorporation of the HV blood flow into the cavopulmonary circulation after a Kawashima procedure causes PAVM resolution [1, 4, [7] [8] [9] [10] [11] . McElhinney et al. reported in their paper that PAVM resolved in 11 out of 15 patients with polysplenia and PAVM after a Kawashima procedure [7] . PAVM might develop after the establishment of the Fontan circulation due to the unbalanced pulmonary perfusion of HV blood flow [1] . A few studies have found that revision of the Fontan pathway after a Fontan operation by redirection of HV blood flow causes PAVM resolution in patients with LI and absent IVC [12] [13] [14] .
To our knowledge, there have been no reports on the follow-up after a Fontan operation in patients with LI. Patients with LI frequently have anomalous systemic venous connection, namely, absent IVC and azygous or hemiazygous connection. On Fontan completion, the distribution of the venous channel blood flow should be much different whether with IVC or with an absent one. The purpose of this study was to evaluate the occurrence of PAVM after a Fontan operation in patients with LI and absent IVC. the study. We divided the patients into two groups depending on the morphology of the superior vena cava (SVC): those with bilateral SVCs (group A, 9 patients); and those with single SVC (group B, 10 patients). Patient characteristics are shown in Table 1 . We defined the BV group as patients with two ventricles in which the volume of the smaller ventricle was either more than 30% of the main ventricle or more than 50% of its predicted normal value. We performed cardiac catheterization on all patients before a Fontan operation. Hemodynamic parameters were not significantly different between the groups, except for pulmonary vascular resistance.
Diagnostic criteria of PAVM
The diagnosis of PAVM was made by combining the findings of pulmonary angiography, contrast echocardiography, and computed tomography. We performed bubble contrast transthoracic echocardiography routinely at cardiac catheterization. Three milliliter of 0.9% saline solution was bubbled by hand, and supernatant fluid was used as a contrast medium. A rapid hand injection of the fluid was performed through a catheter placed at the right or left pulmonary artery (PA), and transthoracic echocardiography was performed to detect the presence of the contrast medium in the pulmonary venous atrium and systemic ventricle. The result of contrast echocardiography was semiquantitively classified as negative, mild, moderate, or severe.
The diagnostic criteria of PAVM were: (1) more than a moderate degree by contrast echocardiography, (2) rapid pulmonary arteriovenous transit of contrast medium on pulmonary angiography, or (3) a typical tortuous pattern in the peripheral pulmonary vasculature on pulmonary angiography or computed tomography.
Before the Fontan operation, three patients were diagnosed as having PAVM; two in group A and one in group B. All three patients had undergone a Kawashima procedure previously. Comparing the patients with and without preFontan PAVM, age at Fontan operation, Kawashima procedure, and the interval between a Kawashima procedure and Fontan operation did not differ significantly, although in patients with pre-Fontan PAVM, age at Fontan operation was relatively high (7, 15.7 , and 19.2 years, respectively). In all three patients, PAVM developed in unilateral side. Two patients showed a typical tortuous pattern in the peripheral pulmonary vasculature on pulmonary angiography, and one patient showed a moderate degree by contrast echocardiography.
Surgical procedures
Seventeen palliative procedures to regulate pulmonary blood flow were performed on 13 patients. A Kawashima (Fig. 1) . Fenestration was performed on three patients; two of these underwent fenestration because their preoperative mean PA pressure was above 16 mmHg (one patient died in the hospital), and one underwent fenestration because of high preoperative pulmonary vascular resistance (3.33 U m 2 ). In total, 11 patients underwent 14 concomitant procedures in all: subaortic myotomy in 1, tricuspid valve plasty in 2, pulmonary artery patch arterioplasty in 4, atrial septal defect enlargement in 1, right atrium cryoprocedure in 1, and pacemaker-related procedures in 5 patients.
Follow-up study
We collected all pre-and postoperative patient data from the National Cardiovascular Center. We performed cardiac catheterization routinely 1 and 5 years post-surgery and from then on after every 5 years. We performed an additional catheterization if we noticed some problems during the follow-up.
Hemodynamic parameters, such as Qp/Qs value, cardiac index (CI; l/min/m 2 ), ejection fraction (EF; %), end-diastolic volume (EDV; % of normal), end-diastolic pressure (EDP; mmHg) of the systemic ventricle, arterial blood saturation (SaO 2 ; %), mean PA pressure (MPAP; mmHg), pulmonary artery area index (PAAI), Nakata index [15] , and pulmonary vascular resistance (Rp; unit m 2 ), were used for the assessment.
As previously described, bubble contrast transthoracic echocardiography was performed routinely at cardiac catheterization.
Informed consent
The ethics committee of the National Cardiovascular Center approved the study protocol.
Informed consent from the patients and/or their parents was waived.
Statistical analysis
Data were reported in median (range) or in mean AE standard deviation. The Wilcoxon matched pairs test was used to compare pre-and post-Fontan hemodynamic parameters at cardiac catheterization. Between-patient data were compared using the Mann-Whitney test. Univariate analysis using chi-square teat and multivariate analysis using Cox proportional hazard methods were performed to analyze risk factors for the occurrence of PAVM using the onset of PAVM as study endpoint. A p value of less than 0.05 was considered statistically significant. Testing was performed using SPSS statistical software (SPSS Inc., Chicago, IL).
Results

Hospital death and follow-up
One patient died 66 days after the Fontan operation. This patient showed high MPAP (16 mmHg) before the operation and underwent a fenestrated Fontan operation without an interstage Kawashima procedure. The patient suffered from Fontan circulation failure and underwent a Fontan takedown 4 days after the Fontan operation, but finally died of multiorgan failure.
Eighteen early survivors were followed up completely, and no late death was reported. The median follow-up period was 5.3 years (1.8-17.3 years), and the follow-up period was not significantly different between group A and B (median followup period: group A 6.4 years vs group B 4.3 years).
Diagnosis of PAVM
During the follow-up, seven patients were diagnosed with PAVM, three from group A and four from group B. Characteristics of the seven patients are shown in Table 2 . These seven patients did not present symptoms compatible with hereditary hemorrhagic telangiectasia. The preoperative, perioperative, and postoperative factors of the 18 surviving patients were tested for their impact on the occurrence of PAVM by univariate analysis ( Table 3) .
As for the orientation of the apex and the side of the dominant SVC, of the 11 patients whose orientation of the apex and the side of the dominant SVC were the same (dextrocardia and azygous connection or levocardia and hemiazygous connection), 7 patients developed PAVM. The seven patients whose orientation of the apex and the side of the dominant SVC was not the same did not develop PAVM.
As for the surgical era, we compared the results before 2000 and after 2001 because we have changed the HV channel connection design to achieve better mixing of the SVC and the HV channel blood flow since 2001. Of 10 patients who underwent Fontan operation before 2000, 6 developed PAVM, whereas of 8 patients who underwent Fontan operation after 2001, only 1 developed PAVM.
As for Rp at cardiac catheterization before Fontan operation, patients with post-Fontan PAVM (median 1.81, 0.72-3.33) showed higher Rp than patients without postFontan PAVM (median 1.01, 0.12-2.23). Rp at cardiac catheterization was dichotomized into two groups, Rp > 1.8 or Rp < 1.8. The odds ratio of patients with Rp > 1.8 was 6 ( p = 0.231).
As for SaO 2 at cardiac catheterization before Fontan operation, patients with post-Fontan PAVM (median 80.3, 77-84.2) showed lower SaO 2 than patients without postFontan PAVM (median 87, 78-90). SaO 2 at cardiac catheterization was dichotomized into two groups, SaO 2 > 82% or SaO 2 < 82%. The odds ratio of patients with SaO 2 > 82% was 0.044 ( p = 0.036).
The three factors with p value < 0.20 by univariate analysis (the orientation of the apex and the side of the dominant SVC, the surgical era, and SaO 2 at cardiac catheterization before Fontan operation) were entered into multivariate analysis using Cox proportional hazard methods Abbreviations as in Table 1 . to analyze risk factors for the occurrence of PAVM. None of the factors were significant by multivariate analysis (Table 3) . Of the three patients with pre-Fontan PAVM, PAVM has regressed in two patients in group A during the follow-up of 10.5 years and 4.2 years, respectively. PAVM had already disappeared at 1-year post-surgery. Comparing the hemodynamic parameters after a Fontan operation with or without a Kawashima circulation, patients who underwent an interstage Kawashima procedure showed lower CI (2.6 AE 0.6 vs 3.3 AE 0.6, p = 0.035).
Changes of hemodynamic
Comparing the hemodynamic parameters before and after a Fontan operation in patients who underwent an interstage Kawashima procedure, SaO 2 increased (90.6 AE 9.5 vs 85.7 AE 4.1, p = .050) after the Fontan operation, but other parameters did not significantly change.
PAVM in group A
In group A at 1-year post-surgery, hemodynamic parameters at cardiac catheterization were not significantly different between patients with and without PAVM.
We also collected data parameters shown in Fig. 2 : (a) the distance between the dominant SVC and the HV channel; (b) the distance between the smaller SVC and the HV channel; (c) the width of the HV channel anastomosis: (a) the angle of the HV channel anastomosis. The angle a is negative if the HV channel anastomosis is toward the smaller SVC.
We calculated a/a + b, a + b, c/a + b, and a, and these parameters are listed in Table 4 . The distance between the dominant SVC and the HV channel over the distance between the SVCs (a/a + b) was larger in patients with PAVM than in patients without PAVM (0.78 AE 0.07 vs 0.49 AE 0.26, p = 0.071). In all patients with PAVM, the HV blood flow directed to the same side as the smaller SVC on pulmonary angiography, and PAVM was detected laterally in the opposite side.
As previously described, we have changed the HV channel connection design since 2001. If the orientation of the apex and the dominant SVC was the same (patient 5, 7, 9), it was difficult to approximate the HV channel to the dominant SVC (a/a + b was larger in these patients); therefore we made the wide HV anastomosis and made the HV channel connection toward the dominant SVC (to make c/a + b and a larger). No patients in group A have developed PAVM since 2001.
PAVM in group B
In group B at one-year post surgery, hemodynamic parameters at cardiac catheterization were not different in patients with and without PAVM, except for the Qp/Qs value and SaO 2 . In patients with PAVM, the Qp/Qs value was significantly lower (mean 0.90 vs 1, range 0.84-0.93 vs 1, respectively; p = 0.016), and the SaO 2 was lower (mean 92 vs 93, range 91.5-92 vs 91.7-96, respectively; p = 0.065).
We also collected data on parameters such as the width of the SVC channel anastomosis (d), the offset between the SVC Orientation, the orientation of the apex and the dominant SVC.
and the HV channel (e), and the distance between the edge of the SVC channel anastomosis and the edge of the HV channel ( f); the distance f is negative if the two channels overlapped (Fig. 3) . These parameters are listed in Table 5 . Although these parameters did not significantly differ between patients with and without PAVM, in two patients whose venous channels did not overlap (patient 2 and 6), PAVM was detected in the same side as the SVC, and the HV blood flow directed to the opposite side on pulmonary angiography. In these two patients, the orientation of the apex and the dominant SVC were the same, and it was difficult to approximate the HV channel connection to the SVC; therefore, venous channels did not overlap.
Patient 4 had left PA stenosis before the Fontan operation and underwent left PA plasty during the Fontan operation. Although postoperative pulmonary angiography showed bilateral pulmonary perfusion of the HV flow, PAVM developed in the left lower lung. The patient underwent Fontan revision 4 years ago, and intraoperative findings showed kinking of the first bifurcation of the left PA. We could not fully eliminate the kinking, and PAVM persisted.
Patient 7 had pre-Fontan PAVM in the left lower lung. Postoperative pulmonary angiography showed bilateral balanced pulmonary perfusion of the HV flow, and PAVM regressed at 2 months post-surgery, but it developed again in the same region at 1-year post-surgery.
Since 2001, we have changed the HV channel connection design, and in all patients who performed a Fontan operation after 2001, the two venous channels overlapped (the distance f was negative).
Discussion
In this study, we evaluated the occurrence of PAVM after a Fontan operation in patients with LI and absent IVC. In 11 patients without PAVM after a Fontan operation, pulmonary angiography performed at 1-year post-surgery showed bilateral balanced pulmonary perfusion of the HV flow. In five out of seven patients who developed PAVM after a Fontan operation, pulmonary angiography performed at 1-year postsurgery showed unilateral perfusion of the HV flow and PAVM developed in contralateral side. In another patient who developed PAVM (patient 4 in group B), left PA kinking persisted after a Fontan operation and PAVM developed in the left lower lung. Considering these 17 patients, the occurrence of post-Fontan PAVM was related to biased pulmonary perfusion of the HV flow.
In the other patient (patient 7 in group B) with pre-Fontan PAVM, whose pulmonary perfusion of the HV flow was well balanced by postoperative pulmonary angiography, PAVM regressed once, but it relapsed. In our cohort, we had three patients with pre-Fontan PAVM. In two patients, PAVM has disappeared so far, whereas in this patient, PAVM relapsed. Several studies have shown that incorporation of the HV blood flow into the cavopulmonary circulation after a Kawashima procedure causes PAVM resolution [1, 4, [7] [8] [9] [10] [11] . McElhinney et al. reported resolution of post-Kawashima PAVM by a Fontan operation in 11 out of 15 patients [7] . PAVM resided in their four patients; they had the most severe hypoxemia prior to a Fontan operation, and in two the residual PAVM was related to the biased pulmonary perfusion of the HV flow. The other two patients had large, angiographically discrete PAVM before a Fontan operation. It is speculated that large PAVM before a Fontan operation is unlikely to regress by inclusion of the hepatic venous flow, but further studies are needed to prove it. McElhinney et al. also recommended a Fontan completion within 1-2 years after a Kawashima procedure in patients with LI and absent IVC. We had only three patients with pre-Fontan PAVM, and we could not calculate the threshold of the duration with a Kawashima circulation above which PAVM is likely to develop.
McElhinney et al. also stated that the primary Fontan strategy without an interstage Kawashima procedure might decrease the likelihood of PAVM in selected patients [7] . In our cohort, a prior Kawashima procedure did not correlate with the onset of PAVM. Is it reasonable to adopt a primary Fontan strategy in selected patients with LI and absent IVC? Orientation, the orientation of the apex and the SVC. Comparing the hemodynamic parameters before a Fontan operation of patients who did or did not undergo a Kawashima circulation, patients who underwent a Kawashima circulation showed smaller Nakata index and PAAI, probably because we performed a primary Fontan operation in selected patients (good pulmonary condition for Fontan circulation). Hemodynamic parameters at 1 year after a Fontan operation did not change significantly in those patients who did and those who did not have an interstage Kawashima procedure, except for CI, which was lower in those who underwent an interstage Kawashima procedure. This might be due to either the older age at the time of Fontan operation or the smaller pre-Fontan Nakata index and PAAI. Since only 11 of our patients underwent an interstage Kawashima procedure and indication for Kawashima procedure has not been consistent, we could not clearly demonstrate whether a staged strategy is superior to a primary Fontan in patients with LI and absent IVC.
As previously described, biased pulmonary perfusion of the HV flow was a risk factor for the occurrence of PAVM. There are many ways to connect venous channels on Fontan completion. At a Fontan operation, we performed the TCPCtype Fontan operation, connecting the SVC to the superior aspect of the PA and the HV channel to the inferior aspect of the PA, using either the intra-atrial tunneling or the extracardiac grafting. Our design might be disadvantageous to get balanced pulmonary perfusion in the setting of LI and absent IVC in two aspects.
First, this approach made three venous channel connections to the PA (in the setting of bilateral SVCs), and the streaming might be more complicated than fewer connections. Several reports have described connecting the HV to the azygous or hemiazygous vein in patients with absent IVC for a Fontan completion [8, 10, 11] . If we use this approach, mobilize the smaller SVC fully and connect it to the dominant SVC, if possible, venous channel connection to the PA is only one, although we should keep in mind that the patency of anastomosis of the HV and azygous vein is unknown.
Second, the position of the HV channel is restricted by the morphology. If extracardiac grafting is used, one has to take the route opposite to the orientation of the apex in almost all cases. If the orientation of the apex and the side of the dominant SVC are the same, the dominant SVC and the HV channel should be relatively separated. At the same time, if intra-atrial tunneling is used, one might not be able to connect the HV channel directly opposite to the dominant SVC if intracardiac morphology does not permit. Before 2000, we had not paid much attention to the spatial arrangement of the venous connection (Fig. 1, left side) . In patients with LI, bilateral SVC, and absent IVC, PAVM was likely to develop if the HV channel was closer to the smaller SVC. This was probably due to the higher blood flow rate across the dominant SVC than across the smaller SVC and the HV channel, and the blood flow of the HV channel directed exclusively to the same side as the smaller SVC. Pulmonary angiography of patients with post-Fontan PAVM in group A showed this pattern. In patients with LI, single SVC, and absent IVC, PAVM was likely to develop if the venous channels did not overlap. The distribution of the blood flow rate of the two venous channels in the absent IVC is much different from that with IVC; therefore, the mixing of the venous channels must be more difficult if the two venous channels are apart, and the blood flow of the HV channel directed exclusively to the other side as the SVC. Pulmonary angiography of two patients (patient 2, 6) with post-Fontan PAVM in group B showed this pattern. Imoto et al. described a patient with LI, single SVC, and absent IVC who developed PAVM after a Fontan operation because of the large offset of the venous channels [13] . PAVM regressed in this patient after revision of the HV channel to lie directly opposite the SVC.
Since 2001, we have changed the HV channel connection design to achieve better mixing of the SVC and the HV channel blood flow. The result of multivariate analysis using Cox proportional hazard methods showed that the disadvantage of our way of connecting venous channels might be overcome by changing the design of the HV connection.
When performing an extracardiac grafting Fontan operation, if the orientation of the apex and the side of the dominant SVC are not the same, it is relatively easy to connect the HV channel just opposite to the dominant SVC, whereas if not, it is difficult. We questioned whether we should place the HV channel directly opposite the dominant SVC or between the SVCs. De Zélicourt et al. demonstrated a computational fluid dynamics (CFD) study of the TCPC flow structures with bilateral SVCs [16] . They reconstructed a three-dimensional model from a patient with a hypoplastic left heart and persistent left SVC who underwent a bilateral cavopulmonary anastomosis and an extracardiac TCPC. The extracardiac channel was placed directly opposite the right SVC. They also performed a virtual operation to shift the extracardiac channel to lie in the middle of the SVCs. This resulted in a 7% decrease in power losses and a more balanced HV distribution. They concluded that locating the IVC between the SVCs might lead to better balanced lung perfusion, and suturing the SVCs closer to each other might be needed. We cannot simply apply the result because in the setting of bilateral SVCs and absent IVC, the distribution of the blood flow rates of the venous channels is much different. In addition, we cannot fully mobilize the dominant SVC in the setting of LI and absent IVC because it is short and relatively fixed by the azygous or hemiazygous vein, and only the smaller SVC could be mobilized. The CFD study by de Leval et al. [17] suggested the offset and angle of the venous channels in the setting of single SVC, but further CFD studies are needed in the setting of the LI and absent IVC.
Our study has some limitations. First, whether pulmonary perfusion of the HV flow was balanced or biased was determined only by pulmonary angiography, and the analysis was not quantitative. Second, the strategy toward Fontan completion in our patients has never been consistent. Third, there were three patients with pre-Fontan PAVM. We could not deny the influence of pre-Fontan PAVM on the occurrence of post-Fontan PAVM.
Conclusion
In patients with LI and absent IVC in a Fontan circulation, the occurrence of PAVM is influenced by the distribution of the HV flow in pulmonary circulation, which might be prevented by an appropriate spatial relationship of venous channels. One might choose the primary Fontan completion in selected patients with LI and absent IVC. Further studies are needed to investigate the best design to connect the venous channels considering the well-balanced hepatic venous perfusion between the two lungs and the minimal energy loss.
